Sequence data had indicated that cyanobacteria might possess a bidirectional hydrogenase with properties similar to the soluble enzymes from Alcaligenes eutrophus, Nocurdiu opuca and Desu(fol~ihrio,fructosol~orctn.s. The present study shows that extracts from the cyanobacterium Anacystis nidulans catalyse NAD(P)H-dependent H, evolution with low but significant activity and uptake of the gas with NAD(P)+ as the electron acceptor. NAD+ is the preferred electron acceptor and NADH the preferred donor compared to NADP' and NADPH, respectively. Activity levels of this NAD(P)+-dependent, bidirectional hydrogenase are too low to support chemoautotrophic growth in A. niduluns. 
Introduction
Cyanobacteria contain at least two different Nicontaining hydrogenases [ 11 catalysing the reaction 2 Ht + 2 em = HZ. The genes coding for these enzymes have recently been cloned and sequenced . The so-called uptake hydrogenase of the thylakoid membranes [5, 6] catalyses HZ utilization with phenazine methosulfate (PMS) or methylene blue (MB) as electron acceptor, but not the dithionite-and methyl viologen-dependent evolution of the gas. The genes coding for uptake hydrogenase have recently been shown to undergo gene rearrangement prior to its expression and in parallel with heterocyst differ- entiation [2, 3] . The other enzyme catalyses both the evolution and the uptake of the gas and is therefore termed bidirectional or reversible hydrogenase. The genes coding for this enzyme have recently been localized on an 8.9-kb segment from the heterocystous cyanobacterium Anabuena rwriubilis [4] . Sequence comparisons indicated that this segment contains all the genes coding for an NAD(P)+-dependent hydrogenase as it occurs in Alculigenes eutrophu.s [7] . Nocardiu opuca [7] or Desdfiwibrio ,fructo.wwruns [8] . These genes appear to be distributed ubiquitously in cyanobacteria [4] . The results were unexpected, since extracts from cyanobacteria have never been reported to catalyse a NAD(P)H-dependent H, formation or a HZ uptake in the presence of NAD(P)+. The sequence data demanded an examination of this aspect. which was done in the present study.
Materials and methods

Culture and preparation qf extracts
Anacystis nidulans ( = Synechococcus leopoliensis) was purchased from the Algensammhmg des Pflanzenphysiologischen Instituts der Universitat Gijttingen (SAUG 1402-1). The cyanobacterium was grown in BG-I 1 medium with nitrate under continuous gassing with a mixture of either air/CO, = 95/5 or NJCO,/H, = 75/5/20 (by volume) and with continuous illumination (light intensity approximately 5000 lux at the surface of the vessels) as described [9] . Cells (200-400 ml) were harvested by centrifugation (4000 X g , 10 min, 15°C) suspended in 20 ml 50 mM Tris . HCl buffer (pH 7.5) and broken twice in a French Press at I37 000 kPa. The extract was centrifuged (48000 X g, 20 min, 15°C) and the supematant was assayed for activities, All steps were performed under N, to ensure anaerobiosis.
Activity measurements by gas chromatography
NAD(P)H-dependent evolution was assayed in 7.0-ml Fembach flasks covered with sleeve-type suba seals. The flasks were made anaerobic by repeatedly evacuating and flushing with argon. They contained in an assay volume of 3 ml: 12 mM Na,S,O,, 0.8 mM methyl viologen (Sigma) or benzyl viologen (Sigma), 250 mM Tris . HCl buffer (pH 3.5) extract with 0.1-4 mg protein. When NAD(P)H served as the electron donor, it was either directly injected or generated from 0.8 mM NAP+, 10 mM galactose (Serva), and 40 mU P-galactose dehydrogenase, or from 0.8 mM NADP+, 10 mM glucose 6-phosphate, and 175 mU glucose-6-phosphate dehydrogenase. The assays were started by injecting the anaerobic Na,S,O, or NAD(P)H solution and incubation was at 30°C in a shaking water bath in the dark. The reaction proceeded linearly for at least 4 h and up to 5 mg protein in the vessel.
H, uptake in the presence of an electron acceptor was also determined in 7.0-ml Fembach flasks under anaerobic conditions containing in 3 ml: 250 mM Tris . HCI buffer (pH 7.5) 3 mM phenazine methosulfate (PM& from Sigma), NAD+ or NADP+. The assays were started by injecting 4.5 pmol H, through the suba seals (final concentration of H2 in the vessel approx. 1 10 nM). The concentration of H2 was determined by gas chromatography at the start and the end (3 h) of the experiment. Any contamination by air due to the leakiness of a suba seal was monitored by gas chromatography to make sure that the vessels were, indeed, 02-free.
HZ was quantified by gas chromatography using a Perkin-Elmer 8500 chromatograph equipped with a theFa1 conductivity detector and a molecular sieve 5 A column (45/60 mesh, 2 m X l/8") as previously described [lo].
Determination qf Hz uptake by the electrode
These amperometric measurements were performed as described by Hanus et al. [l 11 . The electrode chamber contained, under an N, atmosphere in a final volume of 1.6 ml: 250 mM Tris . HCl buffer (pH 7.5) and up to 20 mg extract. HZ-saturated Tris . HCl buffer (pH 7.5) (approx. 100 ~1-75 nmol H?) was injected into the chamber. When the electrode signal had been stabilized, the reaction was started by injecting an anaerobic solution of either 3 mM PMS, NAD+ or NADP+.
Others
Protein was determined by the Bradford method. All chemicals came from Boehringer unless stated otherwise.
Results
Extracts of
Anacystis nidulans catalysed an Na,S,O,-dependent H, evolution both in aerobically grown cells and in cultures grown microaerobitally in the presence of H2 (Table 1 ). The activity level in the latter culture was about three-fold higher than in air-grown cells. In these assays, benzyl viologen was only approx. I/ 10 as effective as methyl viologen. Both NADH and NADPH supported HZ formation with low but significant rates both in aerobically grown and HZ-induced cells. NADH was at least two-fold more active than NADPH. The gas was not produced in the absence of any reductant (Table 1) . Extracts from A. niduluns also catalysed Hz uptake with either PMS or NAD(P)' as electron acceptor ( Table 2 ). The artificial PMS was the preferred electron acceptor, but NAD+ (approx. 30% of the 50 nmol hydrogen / chamber activity with PMS) and NADP+ (approx. 10%'r) did support the uptake of the gas.
Since it could be argued that any H, disappearance was due to a leakiness of the suba sealIs of the vessels, the activity was determined in an altlernative way. Any Hz-dependent reduction of NAD(F)+ cannot be measured photometrically in extraats from cyanobacteria due to the interference by the pigments. H, consumption by extracts from A. nidu- lans was, therefore, monitored by the H, electrode (Fig. 1) . The recorder tracings indicated that NAD' and NADP+ (the latter weakly, activity at the detection limit) supported H, uptake. The artificial PMS was the preferred electron acceptor also in these assays.
Discussion
Extracts from A. nidulans catalyse both uptake of H, with NAD(P)+ and Hz evolution with NAD(P)H. Since Anacystis nidulans is a non-N,-fixing cyanobacterium and since the activities were independent of ATP in the medium, the activities must be catalysed by the bidirectional hydrogenase. Thus these measurements corroborate the sequence data [4] that cyanobacteria possess an NAD(P)'-dependent hydrogenase. The uptake hydrogenase which might occur in A. nidulans does not catalyse a reduction of NAD(P)+ [ 131.
The low activity of the NAD(P)H-dependent H2 evolution is not surprising, since a reduction of protons (EL = -420 mV for the HJ2 Hf couple by NAD(P)H (EA = -320 mV for NAD(P)H/ NAD(P)') is thermodynamically unfavourable. The relative activities of the Na,S,O,-and NAD(P)H-dependent Hz formations are very similar in extracts from A. nidulans and Alcaligenes eutrophus [ 121, although the specific activities are very much higher in the latter organism. It is generally stated that all H, formation in intact cyanobacteria comes from nitrogenase [13] . The very low activity of 2 pmol H? evolved hh' (g dry weight)-'
reported for Anabaena [14] is seemingly catalysed by the bidirectional NAD(P)H-dependent hydrogenase also occurring in this bacterium [4] .
The sequence data indicate that, with respect to the NAD(P)+-reducing subunit, the bidirectional hydrogenase is more closely related to the NADP'-dependent hydrogenase of Desu(foL:ibrio fructosocoruns [8] than to the NAD+-reducing enzyme from Alcaligenes eutrophus or Mocardia opaca [7] . Activity measurements both of the evolution and the uptake of the gas show that NAD' or NADH. respectively, is the preferred substrate of the enzyme in A. nidulans.
The biological function of the NAD(P)--dependent hydrogenase remains obscure. Cyanobacteria are unable to grow chemoautotrophically with Hz as the energy and reductant source [ 15.161 in contrast to A. eutrophus [7] or Brad~rhi~~~biu~n japonicum [ 171. The overall low specific activity of H, uptake of maximally less than 1 pmol h-' (mg chlorophyll)-' (see Table 2 ; 1 mg protein corresponds to approx. 25 mg protein) does not permit to support CO, fixation by ribulose-1 ,5-bisphosphate which has an at least 200-fold higher rate generally in cyanobacteria. Recent work with a mutant defective in the expression of the bidirectional hydrogenase indicated that the enzyme is dispensable for the growth of A. niduluns experiments indicated the location of the enzyme at the cytoplasmic membrane in A. nidulans [ 191. As the H+ gradient in cyanobacteria is orientated to the periplasmic face and as the enzyme has a high affinity for Hz, it could function in Hz utilization at this membrane. The gas could be oxidized at the periplasmic face, whereas NAD(P)' could be reduced at the cytoplasmic inside of the cells. Such a structural organization requires insertion of subunit domains of the bidirectional hydrogenase into the cytoplasmic membrane. The sequence data [4] , however, do not indicate the occurrence of a signal peptide or any other sequence which could be involved in such an insertion. Thus. the bidirectional hydrogenase from A. nidulans could be soluble, like the Alcaligenes enzyme [7] . Its low activity in cyanobacteria could indicate that it merely represents a relict of the earlier earth history with a reducing atmosphere.
